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Abstract—We have studied about annealing effect on V-based
Laves phase compound multifilamentary superconducting wire
using the Rapidly Heating and Quenching (RHQ) process in order
to improve superconducting property. We found that the reaction
layer within 10 microns was formed between powder mixture
filament and V matrix after the RHQ process. The transport
values of samples post-annealed at 600 C for 10 hours were
increased remarkably compared with as-quenched samples, and
then 2 value calculated by Kramer’s formula was increased
from 14 T to 16 T by additional annealing. In this paper, the
post-annealing condition effect on both microstructure and -B
property of V-based Laves phase compound superconductor
made through RHQ process was investigated.
Index Terms—Microstructure, multifilamentary wire, post-an-
nealing, RHQ process, superconducting property, V-based Laves
phase compound, V2(Hf Zr).
I. INTRODUCTION
NUCLEAR burning plasma experiments between Deu-terium (D) and Tritium (T) reaction are planned on the
International Thermonuclear Experimental Reactor (ITER)
project to demonstrate for realization of fusion reactors. Gen-
erally, a magnetic confinement typed fusion reactor requires
both high magnetic field and stable D-T plasma confinement
properties in order to maintain the fusion reaction. It is well
known that fast neutrons are always formed during fusion
reaction between D and T, and then superconducting magnets
of fusion reactor will be irradiated by streaming neutron from
many ports which is installed various equipment in fusion
device. There is the report which neutron irradiation has been
modeled for ITER using Monte Carlo simulation, and it shows
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that neutrons of over 1 MeV will come out of a plasma vacuum
vessel and reach to the superconducting magnets at the rate
of over [1]. We think that the streaming of D-T
neutron will be generated proportionally for the operation
time of fusion reactor, and its fraction will affect to design
and total operation schedule including shutdown. Therefore,
the prehension of neutronic properties on the superconducting
materials for fusion magnet are very important, and the low
activation countermeasure of the superconducting magnet by
neutron radiation is required as well as high magnetic field
properties in order to realize an advanced fusion reactor such
as “DEMO” and commercial fusion plants.
In the ITER designs, superconducting coils are fabricated
by -based superconducting materials such as and
. In 1970s and 1980s, some important irradiation tests
for superconducting materials were carried out using D-T neu-
tron test facilities and nuclear plants for material testing [2]–[5].
From these reports, superconducting wires synthesized
by a bronze method have a peak of the critical current
property at around the neutron fluence of and 14
MeV pure neutrons irradiation has a tendency to decrease the
peak point fluence, and it is assumed that property of
superconducting wire is depended on neutron energy and total
fluence. From the results of neutronics calculation, half-life of
niobium by nuclear transition from to is estimated
to be years, and decay period of induced radioactive
isotopes to a hands-on level for -based A15 phase com-
pound was evaluated to be about years [6]. In the case of
advanced fusion reactors after ITER project, it will be hard to
use -based superconducting materials in order to construct
fusion high field magnet from standpoint of superconductivity
and neutronics property.
We will devised the concept of low activation superconductor
which specialized in the nuclear fusion application, and tried to
develop non element compound superconductor composed
only the low activation elements. -based Laves phase com-
pounds, , show very attractive superconducting and
neutronics properties, superconducting properties of them are
maximum and maximum above 20 T. And
then, -based Laves phase compound has higher neutron irra-
diation resistance and the decay period of induced radioactive
isotopes to a hands-on level is about 30 years, it is much shorter
compared with that of -based A15 phase compound [6]. We
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thought that -based Laves phase compound superconductor
was one of the low activation and high field generation conduc-
tors for advanced fusion reactors.
K. Inoue et al. has fabricated multi-filamentary
wires by the diffusion process between V-Hf alloy and
alloy, and reported that a rather high temperature of 1100
was required for heat-treatment in order to obtain the high
property in the high magnetic field [7], [8]. However, the overall
value of those multifilamentary wires was relatively low,
because a lot of 2nd phases ( based bcc phase) were also
formed along the Laves phase. So, we thought that it needed a
new process which does not pass through the diffusion reaction
in order to fabricate wires with higher values.
Recently, we succeeded to fabricate the Laves phase
compound mono-cored tapes and multifilamentary wires by ap-
plying the Rapidly heating and Quenching (RHQ) process to the
powder-in-tube processed mixture powder/ and
composite precursors, respectively [9]–[11].
The RHQ process has been successfully developed for advanced
conductors and is very interesting as a high-temperature
short-time heat-treatment, it seems to be able to find as new
process in -based Laves phase compound superconducting
wires. In this study, the post-annealing effect on superconduc-
tivity and microstructure of Laves phase compound multifila-
mentary wire synthesized by RHQ process to the metal
mixture powder/ tube composite in order to optimize heat
treatment condition during RHQ process were investigated.
II. PROCEDURE OF LAVES PHASE COMPOUND
MULTIFILAMENTARY WIRE SYNTHESIZED
BY RHQ PROCESS
The multifilamentary Lave phase compound precursor wire
was fabricated through the conventional Powder-In Tube (PIT)
method. Firstly, high purity metal hafnium ( ) and zirconium
( ) powders and vanadium ( ) tube having a 10 inner
diameter, and a 20 outer diameter and 50 in length
were prepared, respectively. The metal and powders were
adjusted to have equal molar ratio. This powder was well ground
by hand, and then wet ball-mill processing was carried out for 3
hours to homogenize the mixed metal powder. In the ball-mill
processing, mixed powder was put into zirconia pots
with some balls and they were satisfied by the ethyl alcohol
to prevent the oxidation of these powder by contamination of the
air. After the ball-mill processing, mixed powder was packed
into tubes. This composite was cold-rolled with
a grooved roller and the wire drawn a diameter of about 1.20 .
Intermediate annealing was carried out several times at 900
for 1 hour to soften this composite during this deformation. The
composite was cut into short pieces, and they were
stacked into a tantalum ( ) tube having 14 of inner diam-
eter, 20 of outer diameter and 50 of length. The number
of stacked composite was 55 pieces. This composite
was cold-rolled with a grooved roller and
drawing machine to wire of about 0.754 diameter as well as
composite. The schematic illustration of fabrication
process on the precursor wire and SEM image on cross-section
of prepared multifilamentary wire are shown in Fig. 1.
Fig. 1. The schematic illustration of fabrication process on the precursor wire
and SEM image on cross-section of prepared multifilamentary wire.
The precursor wire was set into RHQ apparatus, the precursor
wire was continuously heated up to the several purpose temper-
atures with moving at 1.0 m/sec of velocity. The precursor wire
was heat treated by resistive-heating during 0.1 sec, and a dc cur-
rent transported between an electrode pulley and a molten metal
Ga bath. Subsequently, the wire was continuously quenched into
the Ga bath at about 40 from above 2200 . The coated Ga
on the wires was removed by chemical etching in hydrochloric
acid after the RHQ treatment. Then, some of the as-RHQ wires
were additionally post-annealed at several temperatures from
500 to 900 and time to 100 hours in the vacuum.
and values of the as-RHQ and post-annealed samples
were measured by dc four-probe resistive method. And then,
measurement was carried out under the several magnetic fields
up to 15 T at 4.2 K. The samples were Cu plated in order to
reduce the contact resistance for the and measurement.
The microstructures of transversely polished cross-sections of
the samples were observed using a Scanning Electron Micro-
scope (SEM). Phase identification, mapping of composite ele-
ments and quantitative composition analysis of crystal grains
were carried out by using an energy dispersive X-ray (EDX)
spectrometer.
III. RESULTS AND DISCUSSION
We measured values of as-quenched and post-annealed
samples under the several magnetic fields at 4.2 K in order to
evaluate the properties. The typical curves of the as
quenched and post-annealed samples of 5.86 are shown
in Fig. 2 [11]. The post-annealing conditions are 500 , 600 ,
700 , 900 for 10 hours in vacuum. It was interesting that
the Laves phase was already formed by high temperature and
short time heat treatment after RHQ process and showed su-
perconductivity. The maximum value was estimated to be
about 100 at 4.2 K and 10 T, for a sample that was
post-annealed at 600 . dependence of magnetic field on
the sample post-annealed at 500 and 600 was remarkably
higher than for the as-quenched sample, and the value of
the sample post-annealed at 600 was also improved 2 T com-
pared to the as-quenched sample from fitting of Kramer’s for-
mula. On the other hand, the dependence on magnetic field
for the sample post-annealed at 900 was lower than for the
as-quenched sample as well as its value. We found that the
Authorized licensed use limited to: National Insitute for Fusion Science. Downloaded on February 9, 2010 at 00:08 from IEEE Xplore.  Restrictions apply. 
1198 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 16, NO. 2, JUNE 2006
Fig. 2. The typicalJ  B curves of the as quenched and post-annealed samples
of 5.86 J=mm .
Fig. 3. The typicalJ  B curves of the as quenched and post-annealed samples
for various annealing time.
optimum post-annealing temperature was 600 , this temper-
ature was drastically lower than that of the conventional diffu-
sion processed -based Laves phase superconductor. This was
base on the difference between equilibrium diffusion reaction
and nonequilibrium RHQ, and it suggested that post-annealing
temperature of RHQ processed Laves phase superconductor was
one of the important factors.
In order to study about the optimum post-annealing treatment
time, we measured values of post-annealed samples for var-
ious annealing time under the various magnetic fields at 4.2 K.
From the results shown in Fig. 2, we decided that the optimum
post-annealing temperature was 600 . The typical
curves of the samples of 5.86 which post-annealed at
600 are shown to Fig. 3. The post-annealing time conditions
are 1, 10, 50 and 100 hours in vacuum, respectively. depen-
dence of magnetic field on the 10 hours annealing sample was
remarkably improved compared to that of as-quenched sample.
On the other hand, dependence of magnetic field on the 50
and 100 hours annealing sample was lowered compared to that
of 10 hours annealing sample. The maximum value of
post-annealed sample from fitting of Kramer’s formula was 16
Fig. 4. The typical SEM image of cross-sectional area on the RHQ processed
and post-annealed samples. (a) As Quenched (no-Ann); (b) 600 C 50 h; (c)
600 C  100 h.
Fig. 5. The average composition of Laves phase in the as-quenched and various
post-annealed samples.
T, its value was decreased drastically with extension of post-an-
nealing time. We observed microstructure of cross-sectional
area on the various annealing time samples using SEM-EDX.
Fig. 4 shows the typical SEM image of cross-sectional area on
the RHQ processed samples. Fig. 4(a) is as-quenched samples,
(b) and (c) are post-annealed samples. The post-annealed
conditions of Figs. 4(b) and 4(c) are 600 for 50 hours and
600 for 100 hours. We observed that thick reaction layer was
formed within 10 microns on the boundary of powder mixture
filament and matrix after the RHQ treatment. In the case of
as-quenched samples, Laves and phases ( bcc alloy)
were formed in the reaction layer, and that nonreacted metal
and remained in the powder mixture filaments.
And then, it was clear that dendritic grain growth caused from
reaction layer with extension of post-annealing time.
Fig. 5 indicates that average composition of Laves phase in the
as-quenched and various post-annealed samples based on Fig. 4.
We confirmed that the average composition of Laves phase in
as-quenched sample was obtained to be ,
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this composition was significantly deviated to the -poor side
compared with stoichiometry of Laves phase .
This suggests that Laves phase in RHQ process was mainly
formed by reaction between metal of liquid phase and
compound of partial melting phase, and this phase seems to
be a nonequilibrium phase. In the case of 10 hours annealed
sample, average composition of Laves phase was changed
from to , and its
composition was almost similar stoichiometry of Laves phase.
We thought that improvement by post-annealing shown in
Figs. 2 and 3 was caused mainly by adjusting composition of
Laves phase after RHQ process. In the case of 50 and 100 hours
annealed samples, the composition ratio between and
was changed to -rich and -poor composition relatively
compared with that of 10 hours annealed sample. The average
compositions were obtained to be and
, respectively. We found that the composi-
tion of Laves phase synthesized by a RHQ process was shifted to
-rich side with extension of post-annealing time. On the other
hand, there are the reports that the property of Laves phase
compound is lowered with decreasing content of Laves phase
[12], [13]. We thought that the lower -B property
on the 50 and 100 hours post-annealed samples shown in Fig. 3
seems to be obtained by the change of the composition caused
by the extension of post-annealing time.
IV. CONCLUSION
We have successfully fabricated -based Laves phase
compound multifilamentary wire by applying
a rapidly-heating/quenching process to PIT precursor. The
composition of Laves phase in as-quenched sample was signif-
icantly deviated compared with stoichiometry of Laves phase,
and it was changed into stoichiometry by post-annealing. And
then, we confirmed that the properties of Laves phase was
improved by post-annealing and the dependence of mag-
netic field on the post-annealed sample was agreed well with
the composition of Laves phase in post-annealed
sample. The optimum post-annealing condition was 600 for
10 hours from the standpoint of microstructure and supercon-
ducting properties. This temperature was drastically lower than
that of the conventional diffusion processed -based Laves
phase superconductor.
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